Emerging problems of environmental change and of long range hydrologic forecasting demand knowledge of the hydrologic cycle at global rather than catchment scale. Changes in atmosphere and/or landscape characteristics modify the earth's metabolism through changes in its biogeochemical cycles. The most basic of these is the water cycle which directly affects the global circulation of both atmosphere and ocean and hence is instrumental in shaping weather and climate. Defining the spatial extent of the environmental impact of a local land surface change, or identifying, for forecasting purposes, the location and nature of climatic anomalies that may be causally linked to local hydrologic persistencies requires global scale dynamic modeling of the coupled ocean-atmosphere-land surface. Development, evaluation, verification, and use of these models requires the active participation of hydrologists along with a wide range of other earth scientists. The current state of these models with respect to hydrology, their weaknesses, data needs, and potential utility are discussed.
INTRODUCTION
For the last century the development of hydrology has been largely in the hands of civil and agricultural engineers working on the classic problems of water supply and natural hazard reduction. The scale of their interest has been primarily that of the catchment with the atmosphere being considered an independent driver of the hydrologic processes.
In recent years, however, the important hydrologic problems of the temperate zones have expanded to a scale commensurate with that of the atmospheric water cycle in those latitudes, and interest is growing in the tropics where the atmospheric and catchment scales are comparable. Hydrologists are now being forced to consider the atmosphere and the land surface as an interactive coupled system, a perspective which draws us closer to the geophysicist's viewpoint of global scale processes. In this paper I hope to make the case for a global scale hydrologic perspective.
GLOBAL ENVIRONMENTAL CHANGE
The atmosphere, hydrosphere, and surface layers of the Earth have arrived at their present characteristics through a coevolution of living and nonliving components. The picture as revealed by paleoclimatologists is one of large-scale natural processes undergoing cycles of dynamic change on a wide spectrum of time scales, from years to hundreds of thousands of years, accompanied synergistically by the evolutionary development of life forms. An example of the evidence for this natural change is offered by the fossil pollen record in North America since the peak of the last ice age 18,000 years ago as determined by Webb and coworkers (Webb et al., unpublished manuscript, 1977) see, for example, Bernabo and Webb [1977] ) and is presented in Figure 1 as taken from Kerr [1984] . An increase in summer solar radiation and the retreat of the ice sheet caused the oak and northern pine forests to withdraw to the north and at the same time developed our southern pine forests.
Humans have been altering the environment over large geographic areas for over 10,000 years through their domestiCopyright 1986 by the American Geophysical Union. In the last 500 years the hand of man has been increasingly felt on the biogeochemical cycles that control the Earth's metabolism. Energy production, farming, urbanization, and technology have altered the albedo of Earth, the composition of its soil and water, the chemistry of its air, the amount of its forest, and the structure and diversity of the global ecosystem.
Approximately 40% of the Earth's land area is now under the active management of man with more than 10% being under cultivation [Olson et al., 1983, pp. 20-21] . Chemical compounds having no analogs in nature are being introduced into both air and water at increasing rates.
Most recently the tropical forests have come under attack. Meyers [1979] estimated that Latin America has lost 37% of its original rain forest (largely to agricultural development), Southeast Asia has lost 38% (principally to logging), and Africa has lost over 50% (primarily to slash-and-burn agriculture).
The alteration of ground cover affects surface albedo and runoff, changes the ratio of sensible to latent heat transport, alters surface winds and erosion rates, and changes the thermal and moisture state of the surface. The microclimates of forested and cleared areas differ markedly. In tropical regions such as the Amazon basin where soils are typically poor, their exposure to sunlight may produce chemical and structural changes that inhibit either agriculture or reforestation and introduce erosion in the presence of the heavy precipitation. In subtropical regions, such as central Africa, where precipitation is limited, a forest ecosystem appears to be unstable [Eagleson and Segarra, 1985] and its destruction leads to a stable treegrass savanna. Such has been the fate of 40% of the African equatorial forests as a result of slash-and-bm'n agriculture [Phillips, 1974] .
The global cycle of water is perhaps the most basic of all the biogeochemical cycles. In addition to its strong influence on the other cycles (e.g., carbon, nitrogen, phosphorus, sulfur), it directly affects the global circulation of both atmosphere and ocean and hence is instrumental in shaping weather and climate. Planning and/or construction is underway on various macroengineering water projects which, through their modifi-A 10,000 YEARS B.P. 6,000 YEARS B.P. 500 YEARS B.P. Both the deforestation and the proposed macroengineering projects act to create anomalous regional moisture and/or heat sources (or sinks) the effects of which may, in theory at least, propagate to distant regions via atmospheric dynamics [Webster, 1982] . As possible examples of such "teleconnections," as they have come to be called, we cite first the striking negative correlation between the winter snow cover over Eurasia and the intensity of the following summer monsoon in India. As was pointed out by Walsh [1984] , this inverse relation (see Figure 2) is consistent with the argument that widespread snow cover leads to lower springtime air temperatures and hence to higher sea level pressures over southern Asia which oppose the normal monsoonal pressure gradients. Of course, the correlation does not establish causality. A similar correlatio n has been found both observationally and ature, and wetness have local and sometimes also far-reaching effects upon the atmospheric temperature, humidity, and precipitation.
But man's effect on the hydrologic cycle is not limited to these physical issues. His use of the atmosphere for disposal of civilization's gaseous wastes has altered the chemistry of precipitation with serious consequences for fish and other aquatic organisms, crops, forests, wetlands, soils, and even buildings. There is a potential here for damage to human health as well and this is beginning to attract serious study [Maugh, 1984] . The acidification of water supplies brings increased concentration of potentially toxic metals such as lead, cadmium, mercury, and aluminum in that water; the metals are leached from the soil and from sediments and from the pipes and fixtures used in water supply systems. Of particular concern are lead, which is in widespread use as a liner in the cisterns of rural roof catchment systems, and aluminum, which comprises about 5% of the Earth's crust.
Aluminum is practically insoluble in water of neutral or low (alkaline) pH and thus has not been historically available biologically. Within the last decade however high concentrations of aluminum have been found in brain, muscle, and bone tissues of patients who have been under long-term dialysis at centers where there is significant aluminum in the water. With the advent of nuclear magnetic resonance (NMR) scanning, high concentrations of aluminum have been found in the brain tissue of many patients with Alzheimer's disease and with senile dementia. Autopsies on victims of certain other central nervous system disorders at isolated locations having abnormal incidence rates have shown similar high concentrations of aluminum. Whether there proves to be a causal relation in these examples or not, the specter of unsafe drinking water adds further motivation to understand the pathways for the global dispersal of atmospheric pollutants. [1982] , evaporation change can affect local precipitation but the strength of the recycling will vary from region to region depending on how the large-scale circulation is modified. The recycling can be verified only through tracer experiments or estimated using global-scale modeling.
QUESTIONS OF LARGE-SCALE HYDROLOGY
An allied question seeks the geographical influence function of a local land surface change' that is, What locations will feel the effects of a land surface change here ? Reduction of evaporation in the Sudd will reduce the precipitation where? By how much? Answers call for tracer studies in global-scale models.
The inverse of this question is of interest for those concerned with identifying the source of their precipitation; that is, Where was the water last evaporated that falls locally as precipitation? Where can we look for climatic anomalies that may be linked to local hydrologic persistencies ?
Again, we need global-scale models to define this atmospheric moisture replacement distance. As was pointed out by Eagleson [1982] , the lateral scale of a proposed land surface change will have to exceed this replacement distance before the feedback loop can close to create a downwind amplification of the original disturbance.
These hydrologic scales and feedbacks are seasonally as well as geographically variable. During the winter months, the continental land surfaces are net sinks for atmospheric moisture picked up over the oceans, while in the summer• when thermal convection is the primary precipitation mechanism, the depletion of soil moisture by evaporation and transpiration transforms the continents into net sources of atmospheric water.
Understanding these scales is critical to forecasting the lo- knowledge of the oceanic fluxes due to precipitation and evaporation let alone those due to continental groundwater discharge and to sea floor vents. Observational difficulties suggest that in the short term at least global models will provide our best estimates of oceanic precipitation and evaporation.
GLOBAL HYDROLOGIC MODELING
Atmospheric general circulation models are based on the fundamental equations that describe the dynamics and energetics of fluid motion. These include the equations of motion (conservation of momentum), the first law of thermodynamics (conservation of energy), the continuity equations for air mass and water vapor (conservation of mass), and the ideal gas law (approximate equation of state). These equations are solved numerically on a grid having a horizontal resolution on the order of 5 ø (i.e., several hundred kilometers) and with as many as 12 vertical layers up to an atmospheric limit of, say, 10 mbar. The computational time step at this resolution is about 7 min. Of course, each of the "prognostic" (i.e., independent) atmospheric variables, wind, temperature, pressure or density, and humidity, must be given an initial condition at each node of the solution net, and a boundary condition at each surface node. Early models prescribed fixed boundary values but mor6 recently interactive boundary conditions of progressive sophistication have been introduced; first, for the land surface [Manabe, 1969] Coming back now to the spatial-scale of the hydrologic cycle and its exploration using atmospheric GCMs, we will present some preliminary results of R. D. Koster (unpublished manuscript, 1985) as a demonstration of the power and utility of these models as a hydrologic research tool. Using the GCM of the NASA Goddard Institute for Space Studies (GISS) with medium resolution (8 ø x 10 ø grid), Koster "tagged" the water in a 1-day impulse of evaporation from selected grid squares and followed this water for 2 months to see where it precipitated. The GCM initial conditions were those corresponding to a particular month. The characteristic time for precipitation of the evaporated water varied from 2 to 5 days for the grid squares tested. Only three of the most environmentally interesting grid squares are presented here. shows that 37% of the water evaporated from the Amazon basin in March is recycled as subsequent precipitation on the same grid square. Figure 7 follows in the same fashion the water evaporated in March from another site of extensive deforestation, Southeast Asia. In this case there is a strong west-to-east advection of the moisture added to the expected poleward movement.
The "influence radius" of this location is enormous as far as evaporation is concerned, and 52% of the evapotranspiration is recycled into local precipitation. The final evaporation example is that of Sudan's Sudd region discussed earlier and is presented here as Figure 8 . The precipitation resulting from January evaporation is largely confined to the African continent with some being advected onto the Atlantic Ocean by the Easterly winds of these latitudes. About 19% of the Sudd evaporation during this month falls back on the Sudd as precipitation.
These results are far from definitive of course: being impulsive rather than steady state; being for only one season of the year, being for only a single sample of the possible initial conditions, and most importantly; being subject to all the approximations and inaccuracies of GCMs at their current state of development. At the least, however, they do have qualitative, comparative value; they are eloquent testimony to the potential utility of these models in hydrology, and they serve as valuable guides to the design of field programs. climatic and geologic circumstances. More importantly, perhaps, they bring the engineering motivation for solving the problems of people and an understanding of the water needs of man's agricultural, urban, and industrial life support systems. Hydrologists should know the important environmental questions to be asked of a verified model, and their participation in model development will help ensure the model's ultimate capability to be of appropriate benefit. To be effective in such an interdisciplinary partnership the hydrologist will need a familiarity with subject areas that are seldom a part of his current educational program. These include radiation physics, planetary fluid dynamics, precipitation processes, micrometeorology, plant physiology, natural and managed ecosystems, and the analysis of random fields. The design of such educational programs is an important task and a significant challenge.
SUMMARY AND CONCLUSION
Because of humanity's sheer numbers and its increasing capacity to affect large regions, the hydrologic cycle is being altered on a global scale with consequences for the human life support systems that are often counterintuitive. There is a growing need to assess comprehensively our agricultural, urban, and industrial activities, and to generate a body of knowledge on which to base plans for the future. It seems safe to say that these actions must come ultimately from globalscale numerical models of the interactive physical, chemical and biological systems of the earth. Of central importance among these systems is the global hydrologic cycle and its representation in these models presents many analytical and observational challenges for hydrologists.
We must devote more attention not only to the technical issues of hydrology raised by the model builders but also to encouraging and preparing more young hydrologists to build a career in this direction. He who controls the future of global-scale models controls the direction of hydrology.
